ABSTRACT. Acerola is a tropical fruit characterized by a high content of vitamin C. The food sorption isotherms reflect the way that the water binds to the food. This study aimed to fit mathematical models to the adsorption isotherms of the acerola pulp powder obtained by spray-drying, and. It was used acerola pulp containing 17.1% (m m -1 ) maltodextrin, and a spray-dryer with drying air temperature of 154°C. The mathematical models of GAB, BET, Henderson, and Oswin were applied to determine the isotherms, using temperatures of 25, 35 and 45°C. The hygroscopicity, degree of caking and solubility analysis were performed to characterize the powders. The powder showed hygroscopicity of 5.18, degree of caking of 3.67 and solubility of 94.88%. The evaluated mathematical models showed mean relative errors ranging from 10.18 to 29.13% and a coefficient of determination (R 2 ) ranging from 0.939 to 0.977. At 25°C, the Oswin model was the best fitted, whereas at 35 and 45°C the best fitting was obtained by the Henderson model. Type III (J-shape) isotherms were obtained, typical of high-sugar foods. The powder showed a low hygroscopicity and degree of caking in addition to a high solubility.
Introduction
Acerola is a tropical fruit of great economic and nutritional potential, whose agroindustrial interest is due mainly to its high content of vitamin C, which associated with its carotenoids and anthocyanins, making it a prominent food (Mesquita & Vigoa, 2000) .
Drying technologies make possible to process the fruit in the form of powder, increasing its availability, reducing post-harvest losses, providing value and enabling a wide application in many food formulations on an industrial scale (Mata et al., 2005) . The fruit powder is characterized by its high hygroscopicity, which causes the phenomenon called caking and other undesirable effects. To avoid these problems, the addition of a drying adjuvant is essential. The maltodextrin is the most widely used aid in the spray-drying process because of its low cost and low hygroscopicity; it prevents the binding of the particles, has an antioxidant effect and a high retention (65 to 80%) of volatile substances (Jaya & Das, 2004; Anselmo, Mata, & Arruda, 2006) . It also has well defined physical properties and it is soluble in water, which has made the maltodextrin a popular additive in the food industry (Mosquera, Moraga, & Martínez-Navarrete, 2010) .
The physical, chemical and microbiological stabilities of food depend substantially on the water content, its availability, and interaction with other food components. For fruit powder, the hygroscopic equilibrium isotherms are important (Anselmo et al., 2006) . The isotherms are necessary to determine the water content required to stabilize the product in order to prevent the growth of microorganisms, and other reactions that modify the product. The relationship between the water content of a particular product and the equilibrium relative moisture at a specific temperature may be expressed by using mathematical equations known as isotherms or hygroscopic equilibrium curves (Resende, Corrêa, Goneli, & Ribeiro, 2006) .
In order to predict the behavior of adsorption isotherms, several authors have proposed empirical and theoretical mathematical models to fit the equilibrium moisture curves of various products as a function of the water activity (Bezerra, Costa, Afonso, Maia, & Clemente, 2011) . Among the most used mathematical models for adsorption isotherms, the BET, GAB, Henderson, and Oswin are the most prominent. The model of BET (Brunauer-Emmett-Teller) is the most widely used in food systems. The model of GAB (Gugghenein, Anderson, and De Bôer) is suitable for the analysis of fruit and vegetables, and it is able to well approximate the most of the experimental isotherms for water activity up to about 0.9. The model of Henderson well describes the behavior of food with water activity ranging from 0.1 to 0.75, and it is applied to grains, cereals, and fruits. The model of Oswin well relates the moisture content of many foods with water activity up to approximately 0.5 (Blahovec, 2004; Andrade, Lemus, & Pérez, 2011) .
This study aimed to analyze, by fitting mathematical models, the adsorption isotherms of acerola pulp powder obtained by spray-drying, and characterize the obtained powder as its hygroscopicity, caking, and solubility.
Material and methods
The acerola pulps used in the experiments were acquired from a processing company in Fortaleza, the capital of Ceará state, Northeast Brazil. Before the drying process, 17.1% (m m , until the beginning of the analysis. To characterize the powders, the hygroscopicity was performed according to under temperature of 24°C and 75% relative humidity, using a saturated solution of NaCl; the degree of caking was also calculated according to , and the solubility was determined according to Cano-Chauca, Stringheta, Ramos, and Cal-Vidal (2005) . All the analyses were performed in triplicate.
To determine the adsorption isotherms, six closed cells containing saline solutions were used in order to make the relative humidity of the internal environment, according to Greenspan (1977) . Saturated saline solutions of CH 3 COOK, K 2 CO 3 , NaBr, SnCl 2 , KCl, and BaCl 2 , with water activities of 0.21, 0.44, 0.58, 0.76, 0.84, and 0.90, respectively, were used. Aluminum crucibles containing 1.0 g of powder were placed in triplicate in each cell. The cells containing the samples were taken to an oven (BOD), with temperature control, where they were left until reaching constant mass (variance less than 1%). When the samples reached the equilibrium at temperatures of 25, 35 and 45°C, the water activity was determined using an AquaLab water activity meter (Model 4TEV).
The equilibrium moisture content (X 0 ) of the samples was calculated according to the Equation 1, also used by Moreira, Rocha, Afonso, and Costa (2013):
where: in X 0 = equilibrium moisture content (g g -1
); M eq = mass of the sample in equilibrium (g); M S = sample dry mass (g).
The models of GAB, BET, Henderson, and Oswin were fit to determine the isotherms, using the equations shown in Table 1 .
The fittings were performed using the Statistica software version 7.0. The magnitude of the determination coefficient (R²) and the mean relative error (E) were considered to evaluate the models according to the Equation 2.
where: in, E = mean relative error (%); M i = experimental values; Mp i = values predicted by the model; n = number of experimental data.
Results and discussion
The results of the characterization of acerola pulp powder obtained by spray-drying are shown in Table 2 . The hygroscopicity showed values of 5.18, and according to the classification of GEA Niro Research Laboratory (2003) , the acerola pulp powder may be classified as a non-hygroscopic powder. This result was similar to those found by Oliveira, Costa, and Afonso (2014) who obtained 8.51% for the lyophilized yellow mombin (Spondias mombin L.) pulp powder; and Fontes, Silva, Sampaio-Neta, Costa, and Rodrigues (2014), which obtained 7.48, 5.17 and 5.26% of hygroscopicity for powders of prebiotic juice of pineapple, melon and orange, respectively.
The degree of caking of the obtained acerola powder showed a value of 3.67% (Table 2) , and it is within the desirable range which is up to 34% for food powders as described by Jaya and Das (2004) . Higher values were found by Oliveira et al. (2014) , 6.64% for freeze-dried yellow momb pulp powder. Goula and Adamopoulos (2010) obtained from 5.9 to 24.8% for concentrated orange juice powder by spray-dried at 110 to 140°C. The variations of caking may be explained by the different concentrations of sugar found in fruits. Food powders with high hygroscopicity may present a phenomenon called caking, which causing an agglomeration of the powder. This effect is attributed to water absorption on the surface of the particles, forming a saturated solution and thereby making the particles sticky and able to form hydrogen bonds, causing the caking . Fruit products usually contain a high amount of sugar in their composition, generating hygroscopic and sticky powders, tending to agglomeration (Oliveira, Tonon, Nogueira, & Cabral, 2013b) .
The acerola pulp powder showed a solubility of 94.88% (Table 2) , similar to that found by Caparino et al. (2012) who evaluated mango powder obtained by spray-drying and found solubility of 95.31%, and Oliveira et al. (2013b) who found values above 90% in strawberry pulp powder with maltodextrin. This high value of solubility indicates that the acerola pulp powder has potential as a rapid preparation product, such as drinks and desserts. The solubility of the powder is associated with the spray-drying process, increasing the surface area of the powder, and also due to the addition of maltodextrin, which is a coating agent resulting in a highly soluble product.
The fitting results of the mathematical model proposed to the experimental data are shown in Table  3 . For the acerola powder obtained by spray-drying, at the analyzed temperatures, the evaluated models showed mean relative errors ranging from 12.91 to 29.13%. The models also showed coefficients of determination (R 2 ), ranging from 0.939 to 0.977. The best fits were from Oswin and Henderson models. The choice of models was due to the mean relative error (E) presenting greater variation than the coefficient of determination (R 2 ). At 25°C, the better fitted to the experimental data was from Oswin model, with 12.91% error. At 35 and 45°C, the best fits were from Henderson model, with mean relative error of 13.69 and 14.76%, respectively. Pena, Mendonça, and Almeida (2010) , evaluating the isotherms of açaí (Euterpe oleracea) powder, found mean relative errors of 6.4, 7.3, and 8.6% applying the models of GAB, Oswin, and BET, respectively. Catelam, Trindade, and Romero, (2011) , studying the isotherms of passion fruit (Passiflora edulis) pulp dehydrated by spray-drying and lyophilized, found the best fitting using the GAB model. Moura Neto, Rocha, Afonso, and Costa (2015) , studying the behavior of isotherms of yellow mombin powder obtained by spray-drying, found the best fitting for the models of BET and Henderson. According to Pena, Ribeiro, and Grandi (2000) , for guarana powder obtained by spray-drying, the Henderson and Oswin were the best fitting models among the models of two parameters, and BET and GAB were the best fitting models among those of three parameters. Jain, Verma, Sharma, and Jain (2010) found that the fittings of Henderson and Oswin were good to represent the isotherms of dehydrated papaya cubes.
Through the GAB and BET models, it is possible to evaluate the moisture content in the molecular monolayer (X m ) of food. There was a difference between the values of X m, for both models; the model of BET showed slightly higher values. Similarly, Oliveira, Afonso, and Costa (2011), for sapodilla (Manilkara zapota L.) lyophilized powder, found a higher value of moisture content in the molecular monolayer applying the model of BET. Moura Neto et al. (2015) and Canuto, Afonso, and Costa (2014) observed the same behavior for mango and papaya pulp powder, respectively.
It was observed an increase in the water content in the monolayer (X m ) with the temperature increase (Table 3) . Several authors report this behavior, such as Moreira et al. (2013) , Moura Neto et al. (2015) , and Oliveira, Clemente, Afonso, and Costa (2013a). Ferreira and Pena (2003) trend and suggested that the increase in the temperature promotes changes in the product physical structure, thus exposing a larger number of active sites with affinity to the water molecule; in addition, the increase of the temperature increases the solubility of the solutes present in the product. *Xm = moisture content in the molecular monolayer (g.g -1 ); C, K = sorption constants; n = number of molecular layers; a, b =fitting parameters; R 2 = coefficient of determination; E =mean relative error (%).
The values of the sorption constant C for the acerola pulp powder showed a decreasing trend with the temperature increase (Table 3) . Moreira et al. (2013) reported similar results for the mango pulp powder. Pedro, Telis-Romero, and Telis (2010) , studying the passion fruit powder, also found this behavior at temperatures between 30 and 40°C. According to Gabas, Telis, Sobrala, and Telis-Romero (2007) , this decrease in the sorption constant C is expected because the increase in temperature reduces the adsorbate-adsorbent interaction.
The models of Oswin and Henderson provide the best fit to the experimental data, showing values of 'a' and 'b' within the range required to represent sorption isotherms of biological materials (Table 3) . According to Blahovec (2004) , the model of Oswin must present a > 0 and 1 ≥ b >0, where as the model of Henderson must be a > 0 and b ≥ 1. Several authors report similar results, such as Moura Neto et al. (2015) , Canuto et al. (2014) , and Moreira et al. (2013) .
The adsorption isotherms of acerola pulp powder obtained by spray-drying are shown in Figure 1 . There was an increase in water activity with the increase of the equilibrium moisture content (X eq ). The retention of moisture is accentuated in powder with water activities above 0.75, that is, exposing this powder in environments with relative humidity above 75% may result in excessive water gain. This result was similar to those found by Pena et al. (2010) who evaluated the isotherms of açaí powder, and Moura Neto et al. (2015) who studied the isotherms of yellow mombin pulp powder. On the other hand, Moreira et al. (2013) observed this increase in isotherms of mango pulp powder with water activity around 0.55. These behaviors are influenced by the concentration of sugars and drying adjuvants.
At the studied temperatures (Figure 1) , the isotherms show similar behavior and close values of water activity and moisture equilibrium. However, there is a trend to a higher water absorption at higher temperatures, in this case, 45°C, this is a common phenomenon for products rich in sugar, such as fruit powders. Several authors report this behavior in isotherms of high-sugar foods (Goula, Karapantsios, Achilias, & Adamopoulos, 2008) , which may be explained by the increase of the solubility of sugars with the increase of the temperature. Moura Neto et al. (2015) observed the same behavior for the isotherms of yellow mombin pulp powder.
The obtained isotherms (Figure 1 ) are type III, according to the classification of Brunauer (1943) . Such behavior was also verified by Pedro et al. (2010) , for the isotherms of passion fruit powder, Moreira et al. (2013) for mango powder, and Gomes, Figueiredo, and Queiroz (2002) for acerola pulp powder. The typical form of an isotherm reflects how the water binds to the system, so that weaker interactions with the water molecules generate a higher water activity, thus, the product becomes more unstable (Andrade et al., 2011) . The evaluated isotherms showed a flatter area in their first part, in other words, J-shape isotherms, which are typical of food rich in soluble components such as sugars (Al-Muhtaseb, Mcminn, & Magee, 2004) . According to Pedro et al. (2010) , this shape of the isotherms is a characteristic of foods with high sugar content, which adsorb small amounts of water at low water activity, and high amounts at high water activities. This behavior may be explained by the fact that at low water activity, the physical water adsorption in the active sites -OH occurs only on the surface of the present crystalline sugars .
The temperature effect on the sorption isotherm is very important since the foods are exposed to a range of temperatures during the storage and processing. The temperature affects the mobility of water molecules and the dynamic equilibrium between the steam and adsorbed phase. The isotherms of the acerola pulp powder showed an inversion of the temperature effect (Figure 2 ). According to , the equilibrium moisture content decreases with the increase of the temperature at a constant water activity, this trend may be attributed to a reduction in the total number of active sites for bound water as a result of physical and/or chemical change induced by the temperature. However, there may be an inversion of the temperature effect on the isotherms, resulting in an increase of the equilibrium moisture content with the increase of the temperature.
The inversion of the temperature effect observed in this study is similar to that reported by Moreira et al. (2013) and Ribeiro, Costa, and Afonso (2016) . According to Pedro et al. (2010) , some studies show the inversion of the temperature effect at water activity higher than 0.7, in products with a high sugar content, such as fruit, which may be explained by an increase of the sugar solubility, in water, caused by the temperature increase. For the powder obtained in this study, the inversion of the temperature effect occurred between the isotherms at 35 and 25°C at water activity between 0.35 and 0.45, and between the isotherms at 45 to 35°C at water activity between 0.65 and 0 70. 
Conclusion
The acerola powder obtained by spray-drying showed low hygroscopicity and degree of caking, and high solubility in water, giving the product a good stability and rehydration capacity.
The isotherms were best fitted by the Oswin and Henderson models. They showed the typical hygroscopic behavior of high-sugar foods with type III isotherms. They also showed an inversion of the temperature effect, indicating that there was a change in the mobility of water molecules, causing an increase in the equilibrium moisture content, with the temperature increase.
